cells. Taken together, our data suggest that cell-to-cell contact induces multiple cell signaling pathways in BL cells and epithelial cells, contributing to the induction of the viral lytic cycle in BL cells and the enhancement of viral transmission to epithelial cells.
Introduction
Epstein-Barr virus (EBV), a human gamma herpesviruses, establishes a persistent latent infection in B lymphocytes and epithelial cells following primary infection (19) . EBV has been implicated as a cause of lymphomas and epithelial malignancies such as Burkitt's lymphoma (BL), Hodgkin's disease, nasopharyngeal carcinoma and gastric cancer (19) . EBV binds to B lymphocytes through a direct interaction of the EBV glycoprotein gp350/220 with the complement receptor CD21 (13, 22) . In contrast, the mechanism by which EBV enters epithelial cells remains undefined. Epithelial cells express very low levels of CD21 or are CD21-negative in culture (12, 15) , resulting in the lack of an efficient infection of cell-free viruses.
Several lines of evidence indicate that EBV infection into epithelial cells is mainly mediated
by cell-to-cell contact (5, 15, 34, 35, 37, 43) . The rate of EBV infection in epithelial cells increases up to All these studies support a model that EBV-infected B cells migrating into the epithelial stroma or intraepithelial space contribute to the efficient EBV transmission into epithelium via cell-to-cell contact (42, 43). However the molecular mechanisms of cell-to-cell EBV transmission remain unclear.
In our present study we establish a novel assay to assess cell-to-cell contact-mediated EBV transmission by co-culturing an EBV-infected BL cell line with an EBV-negative epithelial cell line under the stimulation for lytic cycle induction in BL cells. By using the system, we showed that EBV transmission was mediated via cell-to-cell contact but not via cell-to-cell fusion. We demonstrated that the treatment of inhibitors of extracellular signal-regulated kinase (ERK) and nuclear factor (NF)-B pathways blocked EBV transmission in addition to lytic induction. The blockage of phosphoinositide 3-kinase (PI3K) pathway impaired EBV transmission coupled with inhibition of the lytic induction. Knockdown of RelA/p65 subunit of NF-B also reduced the efficiency of viral transmission. Moreover these cell signaling molecules were activated in co-cultured BL cells and epithelial cells. Finally we observed that the viral lytic cycle was induced in BL cells by co-culturing with epithelial cells. The possible roles of these signaling molecules in cell-to-cell contact-mediated EBV transmission are discussed.
Materials and Methods

Cell culture
African green monkey kidney epithelial Vero-E6 cell line (9, 26) , which was provided by Dr Ayato Takada, and human gastric adenocarcinoma cell lines, AGS (2, 49) and NU-GC-3 (1, 
Immunofluorescent staining
Vero-E6 cells were grown on the cover slips and co-cultured with Akata For presentation in this manuscript, all images were digitally processed with Adobe Photoshop.
Rabbit polyclonal antibodies for human caveolin-1 and human RelA/p65 were purchased from Abcam (Cambridge, UK) and Santa Cruz Biotechnology (Santa Cruz, USA), respectively. washing twice in PBS, the expression of gp350 was analyzed by a flow cytometry. 
Cell-free EBV infection
Akata
Results
EBV is transmitted from co-cultured BL cells to epithelial cells.
We established a co-cultivation system to evaluate the efficiency of cell-to-cell EBV transmission. We co-cultured EBV-negative African green monkey kidney epithelial Vero-E6 cells (9, 26) with BL-derived Akata We also examined the efficiency of EBV transmission into two human gastric epithelial cell lines, such as AGS (2, 49) and NU-GC-3 cell (1, 16, 22, 31, 32, 49). EBV-eGFP was also transmitted to AGS (Fig. 1D , white bars) and NU-GC-3 cells (Fig. 1D , gray bars) in the absence (1.4% and 1.8%, respectively) and in the presence of hIgG (2.3% and 2.4%, respectively) ( Fig.   1D ). Because EBV-eGFP was transmitted into Vero-E6 cells more efficiently, we used Vero-E6 cells for further study. We confirmed that eGFP-positive cells expressed an epithelial marker, caveolin-1 (7) ( 
EBV is transmitted from BL cells to epithelial cells via cell-to-cell contact
We further examined whether viral transmission requires physical contact. Vero-E6 HLA-DR-negative (Fig. 3C ). All eGFP-expressing Vero-E6 cells were HLA-DR-negative ( Fig.   3C ), indicating that EBV-eGFP transmission was mediated via cell-to-cell contact but not via cell-to-cell fusion.
The effect of inhibitors of cell signaling pathways on cell-to-cell contact-mediated EBV transmission
Because the molecular mechanism of cell-to-cell EBV transmission remains undefined,
we investigated the roles of cellular signaling pathways in this process by using specific inhibitors. We co-cultured Vero-E6 cells with Akata We further examined the role of the NF-B pathway in cell-to-cell contact-mediated EBV transmission by using short hairpin RNAs (shRNA) targeting RelA/p65 subunit of NF-B in Vero-E6 cells (Fig. 4B) . The knockdown of RelA/p65 significantly reduced viral transmission (Fig. 4C ). Taken together, the NF-B pathway contributes to EBV transmission and moderately to the viral lytic cycle. The inhibitor treatments and knockdown of RelA/p65
also reduced viral transmission and lytic induction in the absence of hIgG ( Fig. 4A and C) .
Cell signaling molecules activate immediately in the co-cultivated cells.
Because specific inhibitors of the ERK, PI3K, and NF-B pathways significantly blocked cell-to-cell contact-mediated EBV transmission, we examined whether these signaling molecules are activated in co-cultured BL cells and epithelial cells. We assessed the status of the ERK, PI3K and NF-B signaling pathways by immunofluorescent staining in To analyze the activation of the PI3K pathway, we assessed the level of phospho-Ser473 of Akt, which is a key component of the pathway (21). The phosphorylated Akt was distributed in the plasma membrane of Akata -EBV-eGFP cells 1 h after co-cultivation and the activation stably continued ( Fig. 6A and C) . Akt was transiently phosphorylated in the cytoplasm of
Vero-E6 cells 1 h after co-cultivation ( Fig. 6B and C) .
Following stimulation of the NF-B pathway, the IKB inhibitory subunit of the NF-B complex is phosphorylated, ubiquitinated and degraded and the transcription factor subunits of the NF-B complex subunit (RelA/p65 and p50) translocate into the nucleus, resulting in the modulation of gene transcription (23). Because its nuclear import is a key event in NF-B activation, we assessed the distribution of the RelA/p65 subunit in co-cultured cells by immunofluorescent staining. RelA/p65 transiently translocated to the nucleus in co-cultured Vero-E6 cells (Fig. 7B and C) . In contrast, RelA/p65 translocated to the nucleus in Akata -EBV-eGFP cells 24 h after co-cultivation ( Fig. 7A and C) . The treatments of U0126, LY294002, wortmannin or BAY11-7082 specifically blocked the activation of individual target molecules ( Fig. 5-7 ). Interestingly these signaling molecules were also activated in the co-cultured cells in the absence of hIgG (Fig. 5-7 ).
Cell-to-cell contact induces viral replication.
We observed that EBV is transmitted to epithelial cells in the absence of hIgG (Fig.   1A-C) . The inhibitor treatments and the knockdown of RelA/p65 also reduced viral transmission and lytic induction in the absence of hIgG (Fig. 4A and C) . The signaling molecules were activated in the co-cultured cells in the absence of hIgG (Fig. 5A and 6A ).
Therefore we tested whether cell-to-cell contact induces the viral lytic cycle in the latently (Fig. 8A bottom, right) . FISH analysis showed that less than 1% of the cell population underwent lytic without hIgG-treatment (Fig. 8A top left, and B) .
By hIgG treatment 12% of Akata Immunofluorescent staining analysis also demonstrated that gp350 expression was enhanced in Akata -EBV-eGFP cells by co-cultivation with Vero-E6 cells (Fig. 8C) .
Discussion
In our present study, we demonstrated the roles of the cell signaling pathways in cell-to-cell contact-mediated EBV transmission by using an in vitro co-cultivation system. Our observations indicate that; (i) cell-to-cell contact without cell-to-cell fusion contributes to viral transmission ( Fig. 1-3) ; (ii) the treatment of inhibitors of the ERK and NF-B pathways down-regulates EBV transmission in addition to lytic induction; blockage of the PI3K pathway impairs EBV transmission coupled with inhibition of the lytic induction; knockdown of RelA/p65
significantly down-regulates cell-to-cell contact-mediated viral transmission (Fig. 4) ; (iii) the ERK, PI3K and NF-B pathways are activated in co-cultured BL and epithelial cells (Fig. 5-7) ;
(iiii) cell-to-cell contact initiates induction of the lytic cycle in BL cells (Fig. 8) .
hIgG-treatment amplified EBV transmission into epithelial cells (Fig. 1A, B and D spontaneously enters into the lytic cycle (41) (Fig. 8A left) . By co-cultivation with Vero-E6 cells, the vial lytic cycle was induced in Akata -EBV-eGFP cells (Fig. 8A middle and B) in the absence of hIgG, suggesting the cell-to-cell contact-mediated lytic induction contributes to the viral transmission into the epithelial cells under physiological conditions. It has been shown that a variety of signal transductions including the ERK and PI3K pathways are synergistically activated during EBV lytic cycle (18). We showed that the specific inhibitors of the ERK and PI3K pathways blocked EBV replication (Fig. 4A, bottom) and that ERK and Akt were phosphorylated in co-cultured Akata -EBV-eGFP cells in the absence of hIgG-treatment ( Fig. 5 and 6). These data suggest that the activation of the ERK and PI3K pathways contribute to cell-to-cell contact-mediated viral lytic induction in Akata -EBV-eGFP cells. It is known that the EBV-encoded immediate early protein ZTA, which is important for the switch to viral lytic replication, is inhibited by the RelA/p65 subunit (4, 25). However, no enhancement of EBV replication was observed under BAY11-7082 treatment in our study (Fig. 4 bottom) We also demonstrated that the PI3K and NF-B pathways contribute to viral transmission (Fig. 4) . Previous observations have demonstrated an important role of an EBV glycoprotein, BMRF-2 in the cell-to-cell spread of EBV in polarized oral epithelial cells (47, 48) .
BMRF-2 interacts with 1 and v integrins and initiates PI3K signaling, events crucial for EBV's entry into B cells (10). NF-B signaling is activated by the conjugation of viral gp350/200 with CD21 in B cells (8, 38). It is possible that both binding of BMRF-2 to the integrins and that of gp350/200 to undefined viral receptors in epithelial cells trigger the PI3K
and NF-B pathways and promote entry of intercellular EBV virions into adjacent epithelial cells.
We demonstrated that the phosphorylation of Akt and the nuclear translocation of RelA/p65 were induced in Vero-E6 cells 1 h after co-cultivation ( Fig. 6B and C) . The expression of viral glycoproteins and the generation of progeny virions are unlikely to be induced in 1 h after cell-to-cell contact-mediated lytic induction. The roles of the PI3K and NF-B in the processes of EBV's entry into epithelial cells mediated by cell-to-cell contact currently remain unknown and warrant further investigation.
In our study we used a monkey and two human epithelial cell lines as recipient cells. It would be interesting and informative to test our findings in EBV-negative primary human epithelial cells in the future.
Taken together, this study provides a tractable system to examine cell-to-cell transmission of EBV to epithelial cells. Our observations indicate that multiple intracellular signaling molecules play roles in cell-to-cell contact-mediated EBV transmission, and serve as a basis to understand better the mechanism of cell-to-cell viral transmission. 
